Skid trails in the Hyrcanian forest of northern Iran are important for moving wood to log landings; however, they can cause soil compaction and alter water infiltration. This research therefore presents an analysis of the impact of ground-based skidding on soil hydrophysical properties in Kuhmiyan forest located in the Hyrcanian forest. Soil infiltration, bulk density, and soil resistance to penetration have been studied at three different depths of soil along the skid trails. Three sampling locations were considered: wheel ruts, center of skid trails, and undisturbed forest (control). The results showed that the total infiltration rate, and also the instantaneous infiltration rate, were significantly higher in the control treatment. The results also showed an increase of 57% and 31% for the soil bulk density at wheel ruts and centers of skid trails compared to the control. Furthermore, there was a significant difference between soil resistance in the control and the other two treatments, with wheel ruts having the highest resistance. According to the results, there was a strong negative correlation between infiltration and soil resistance (r = -0.94), and between infiltration and bulk density (r = -0.93). Using a protective layer of slash and logging debris and residual on skid trails can be highly recommended to moderate soil compaction and mitigate the destructive impact of logging equipment.
Introduction
Preserving forest soil condition and adequately establishing tree regeneration are key factors to achieve sustainable forest productivity. However, long-term productivity of forests may be affected due to trafficking impacts from heavy groundbased harvesting equipment (Zenner et al. 2007 ). The use of heavy logging equipment in log extraction, especially ground-based ones, has been criticized because of soil disturbance and also damage to residual stand caused by such equipment (Han and Kellogg 2000) . Soil damage includes soil disturbance (Malmer and Grip 1990) , soil compaction Kolka et al. 2012; Solgi and Najafi 2014) , and removal of soil organic matter (Ole-Meiludie and Njau 1989) . These will result in changes to soil properties which often cause the reduction of tree growth and forest products (Kozlowski 1999; Heninger et al. 2002; Pimentel 2006) . The most frequent and depleting damage is soil compaction, which generally leads to an increase in bulk density due to the consolidation of soil particles as air-filled voids are reduced (Lister 1999; Craig 2004 ) and decreases in macropore space Zenner et al. 2007 ). As air-filled porosity falls below 10% of the total soil volume, microbial activity and plant growth can be severely limited in most soils (Brady and Weil 2002) . Decreases in soil macropore space reduces infiltration capacity due to changes in non-capillary pore space. The increase in soil density is associated with reduced seepage of water, poor aeration, and greater mechanical resistance to root growth (Corns 1988; Kozlowski 1999; Czyz 2004) . The increased bulk density can also result in accelerated surface runoff and increased soil erosion (Williamson and Neilsen 2000; Christopher and Visser 2007; Schmitt 2009 ) due to the reduction of soil infiltration capacity (Startsev and McNabb 2000; Horn et al. 2004) . Unfortunately, these adverse impacts of soil disturbance may persist for several years because of very slow recovery rates (Shepperd 1993; Grigal 2000; Heninger et al. 2002) .Topsoil layers which are subject to much more compaction than the below layers are important in terms of water infiltration, particularly during high intensity rainstorms, since they have both high hydraulic conductivity and high water storage capacity which may be significantly reduced by compaction (Jusoff and Majid 1986) . The topsoil layer also contains 70%-90% of the total root mass and is undoubtedly the most important zone for tree uptake and storage of water and nutrients (Jusoff and Majid 1986) .
According to the Forests, Range and Watershed Management Organization of Iran (2002) , skid trails are permanently located in some parts of the forest for long periods of time. By developing permanent skid trails we may be able to prevent heavy equipment moving into the forest and so limit soil damage to the area where skid trails are located. However, using these permanent skid trails for long periods leads to more soil compaction and thus more runoff and erosion from the skid trails into the undisturbed forest.
The impacts of mechanized forest harvesting on soil physical properties, especially soil compaction, have been widely investigated (Greacen and Sands 1980; Shetron et al. 1988; Aust et al. 1995; McNabb et al. 2001; Kolka et al. 2012; Solgi and Najafi 2014) . Aust et al. (1995) found bulk density increases of 20% and decreases in average soil macroporosity (80%) and saturated hydraulic conductivity (12%) following harvesting disturbance on wet pine flats that had been compacted. Similarly, Shetron et al. (1988) showed well over 80% increases in bulk density associated with logging disturbance and 20% decreases in porosity on a hardwood site in Wisconsin. Kolka et al. (2012) studied bulk density and surface soil strength in recent clearcuts in Chippewa National Forest in northern Minnesota. They found higher bulk density and surface soil strength following harvesting compared to adjacent and similar but unharvested stands. Recently, Solgi and Najafi (2014) tested the effect of skid trail slope and traffic frequency on soil compaction, total porosity, and moisture content. Based on their results, the bulk density was 57% higher and the total porosity was 31% lower on the skid trail compared to an undisturbed area. Average moisture content was also lower on the skid trail compared to the undisturbed area. Some researchers have studied the effect of increasing bulk density on soil water permeability. An early study (Steinbrenner and Gessel 1955) showed that a 15% increase in the bulk density of the soils of skid roads resulted in a 95% loss in permeability. Later, Malmer and Grip (1990) showed average values of infiltrations to be significantly lower on skid trails (0.28 mm h ¡1 ) than in the forest (154 mm h ¡1 ). Meek et al. (1992) also reported a reduction in infiltration rates of 54% when soil was compacted from 1.6 Mg m ¡3 to 1.8 Mg m
¡3
. Jamshidi et al. (2008) reported a significantly higher value of soil bulk density in the tracks of machine skid trails compared to that outside the skid trails.
As one can see, there have been many studies regarding soil compaction following logging operations and it has been an important issue for decades; yet we lack an understanding of the linkage between soil bulk density and soil infiltration, and also between soil penetration resistance and soil infiltration. Having better knowledge of these relationships will help us to estimate the soil infiltration capacity and thus possible runoff from skid trails in the future. The two main objectives of this study were: (1) to measure and compare soil hydrophysical properties in undisturbed forest with different parts of a newly established skid trail (the wheel rut, and center of the trail); and (2) to define the relationship between soil infiltration and soil bulk density and penetration resistance. Conducting this study will help us assess the influence of soil compaction caused by logging equipment on soil infiltration capacity and thus the potential for runoff and overland flow.
Methodology

Study area
The study was conducted in Kuhmiyan forest, located in Hyrcanian forest in northern Iran. The forest is a temperate forest, with mostly deciduous trees growing in the area, situated at 55 14 0 49 00 E and 37 56 0 15 00 N, and 1400-2000 m above sea level. Forest tree species such as Quercus castaneifolia, Carpinus betulus, and Parrotia persica predominate in this uneven-aged hardwood forest where trees can be found with a mean height of 24 m. Standing volume and tree density are 290 m 3 per ha and 190 trees per ha, respectively. The mean annual rainfall is about 700 mm in the study area. Based on the soil analysis carried out in the study site, the soil texture is clay loam. The sand/silt/clay content (%) were 32.1 §3.7, 29.2 §1.2, and 38.7 §1.4, respectively. The harvesting method used in this area is cut-to-length (shortwood) and logs are extracted with a maximum length of 5.2 m and diameter of 80-160 cm by a ground-based skidding system (Timber Jack 450C). Skid trails have been developed in this region with relatively uniform grade (20%) and width of 3.5 m. The skidder used in the study area weighs 12 t (4588 t on the rear axle and 5682 t on the front axle) and has 24.5-32 cm tires. All data were collected in summer 2011.
Materials and method
A 500 m long skid trail with relatively uniform slope (20%) was selected. The trail was 1 year old at the time of the data collection. According to the management plan for the Kuhmiyan forest, the skid trail was used by a wheeled skidder with about a 25 skidding cycle (one skidding turn includes one trip empty and one trip loaded). A sampling transect was selected randomly on the skid trail and other replications were then set along the skid trail every 100 m. Infiltration, compaction, and soil penetration resistance were measured at three different sampling locations: (1) in the center of the skid trail (Richard et al. 1999; Han et. al. 2009 ); (2) in the wheel ruts or wheel tracks (Richard et al. 1999; Junior et. al. 2007; Donagh et al. 2010) ; and (3) 15 m off trail into the forest as an undisturbed reference sample (control) (Han et al. 2009; Donagh et. al. 2010 ) (see Figure 1) . Soil compaction was then evaluated through bulk density and soil penetration resistance. Soil density was evaluated through bulk density in steel cylinders of 10 cm length and 5 cm diameter, in three ranges of soil depths: 0-10 cm; 10-20 cm; and 20-30 cm. Undisturbed soil samples collected in the cylinders were then weighed, dried at 105 C to constant mass, and finally weighed again to obtain dry bulk density. Soil strength data (soil penetration resistance) were also collected at different depths of soil (10 cm intervals from 0-30 cm), using a handheld recording penetrometer (AgraTronix). The aim was to find a mean value of penetration resistance for a given depth of soil at each sampling point. Finally, the mean values obtained for each depth were taken into account to obtain a total average of penetration resistance for each soil profile. Cumulative infiltration over a 65 min period was measured using a double-ring infiltrometer (Johnson 1963) . The infiltration and soil penetration resistance were measured a few cm away from the sampling points as the previous sampling for the bulk density measurements had already disturbed the area (Snider and Miller 1985) . All the measurements were carried out on the same day to make sure the antecedent rainfall and moisture conditions were similar for all the treatments during the data collection. The initial moisture Figure 1 . Schematic of sampling locations at the study site.
contents were 26.2%, 28.7%, and 46.2% for wheel-rut, center of skid trail, and forest control, respectively.
To compare percentage change the following equation was used (Sutherland et al. 2000) :
Relative percent change ¼ Disturbed site À undisturbed site undisturbed site :100
(1)
Data analysis
A Kolmogorov-Smirnov test was used to check the normality of the data before proceeding to analysis of variance. The soil properties, infiltration, compaction, and soil penetration resistance were then evaluated by statistical analysis through analysis of variance (SPSS v16). All statistical significances were judged at 1% significance level. The Dunnett multiple comparison test (where equal variances not assumed) and Duncan test were used where the analysis was statistically significant. Linear regressions were fitted to calculate the relationship between compaction and infiltration, and soil penetration resistance and infiltration.
Results
The analysis of variance showed there were significant differences in both different sites and different readings of infiltration during the 65 min period. (Table 1 ). Figure 2 illustrates how the infiltration mean values change during the test period at the three sampling locations. As expected, the mean value of infiltration rate decreased with time over the 65 min period. For all the infiltration measurements a higher mean infiltration was measured for the control treatment than wheel ruts and center of skid trail. However, differences between wheel ruts and the center were significant only in the first and second readings (i.e. the readings at 2 and 4 min). Total values of infiltration at each treatment are shown in Table 2 and Figure 3 . The total value of infiltration for the control treatment is significantly more than those of the other treatments.
The analysis of variance also revealed that the values of soil compaction and soil penetration resistance are significantly changed in the different treatments (Table 1 ). According to the Dunnett test, the soil bulk density in wheel ruts was more than in the center of skid trail, and the soil bulk density compaction for the center of skid trail was more than the control (Figure 4) . Also, soil penetration resistance was significantly increased by moving from control treatment to center of skid trail and wheel ruts, respectively ( Figure 5 ). Data measured for soil bulk density and resistance to penetration at different locations and different depths are shown in Table 3 . Both soil bulk density and soil resistance to penetration were higher at the first depth (0-10 cm) compared to the other two depths Time ( ( Figures 4-5 ). As Figure 5 shows, the value of soil penetration resistance increased from soil depth of 0-10 cm to 20-30 cm in treatments. However, a significant increase of soil penetration resistance at the different soil depths was observed only for the control. Indeed, control treatment had a very high coefficient of variation (CV) (1.65) compared to the center of the skid trail (0.67) and wheel ruts (0.43). According to the results, both soil bulk density (P = 0.00, r = -0.96) and soil resistance to penetration (P = 0.00, r = -0.97) have strong negative correlation with infiltration ( Figure 6 ).
Discussion
Human activities make soil exposed and compacted, thus reducing soil infiltration and increasing runoff and sediment yield (Swank et al. 1989 ). This study addressed soil properties (i.e. compaction, infiltration, resistance to penetration) measured on skid trails in the forest. According to the results, there was a significantly different value of infiltration between the control point and the other two treatments. Because soils on skid trails are easily compacted by logging equipment, this can reduce porosity volume and thus reduce infiltration (Rahimi 2006) . Based on this work, the infiltration rate in the 65 min period of measurement in the center of the skid trail (122 mm) and in wheel ruts (67 mm) was much lower than that of the control treatment (270 mm), with a reduction of 54.8% and 75.2% for infiltration in the center of the trail and in wheel ruts, respectively, compared to the control. Similarly, previous research showed a reduction of 65%-90% of infiltration on secondary forest road (Sutherland et al. 2000) . However, the value of reduction will be different depending on soil type, moisture content at the skidding time, type and weight of equipment, and traffic level. Cullen et al. (1991) reported a reduction of 68% and 82% for the infiltration on skid trails with medium and heavy traffic, respectively.
A significant difference of infiltration between the center of the trail and wheel ruts can only be observed at the first two readings during the measurement (i.e. at 2 and 4 min) (Figure 2 ). This may be caused by the severe impact of the skidder and other heavy logging equipment on the topsoil layer of the wheel tracks. Given the role and effect of the topsoil layer on hydraulic conductivity (Jusoff and Majid 1986) , there will be a high reduction of infiltration at wheel tracks.
Many researchers have reported an increase in soil bulk density resulting from logging equipment (Snider and Miller 1985; McNabb et al. 2001; Sakai et al. 2008; Kolka et al. 2012; Solgi and Najafi 2014) . In this study, changes in soil bulk density at the center of the skid trail and in wheel ruts ranged from 28% to 58%, well above the value of 15% which Snider and Miller (1985) defined as the threshold of soil compaction. Kolka et al. (2012) found higher bulk density and surface soil strength in recent clearcut stand following harvesting compared to adjacent and similar but unharvested stands. Based on recent research (Solgi and Najafi 2014) , soil bulk density was 57% higher on the skid trail compared to the undisturbed area. The increase of bulk density resulting from timber skidding on the skid trail makes these tracks more compacted, and thus more trafficable, so helping to speed up log extraction where most of the timbers have to be transported through the skid trails planned and developed for a long-term period. However, such compacted skid trails, which easily facilitate timber skidding, will also result in loss of permeability, increasing runoff and sediment yield.
The main reason for changes in soil infiltration values at wheel ruts and center of the skid trail may result from changes in soil bulk density. As the results showed, 57% and Bulk density
Resistance to penetration Figure 6 . Relationship between infiltration with bulk density and soil penetration resistance. 31% increase in soil bulk density at wheel ruts and center of the skid trail resulted in a reduction of 75% and 54% for the infiltration of wheel ruts and center of the trail, respectively, compared to the control. Previous research has also reported a reduction of 54% for soil infiltration when soil bulk density increased from 1.6 Mg.m ¡3 to 1.8 Mg.m ¡3 (13%), (Meek et al. 1992) .
According to the results of this research, changes in soil penetration resistance at the center of the skid trail and skidder wheel ruts were measured as 79% and 116% for the first depth (0-10 cm), 31% and 59% for the second depth (10-20 cm), and 1.5% and 16.5% for the third depth (20-30 cm), respectively. Other research has similarly indicated a significant increase of soil penetration resistance of skid roads to 50 cm depth (Greacen and Sands 1980) . Also, Sutherland et al. (2000) reported an increase ranging from 18% to 140% for soil penetration resistance by increasing 9%-16% of bulk density. Nugent et al. (2003) found a 30%-50% increase of the penetration resistance with machine traffic.
As the skid trails are permanent in our study site, damages to the soil will be limited to the skid trails. Although the negative impact of logging equipment on soils of skid trails (e.g. soil compaction, increasing runoff, etc.) is inevitable, it can be mitigated. Considering the importance of skid trails for log transportation in our study area (being the only option for primary transportation) it is, therefore, crucial to use some technical and biological methods to mitigate transport impacts. To do this, developing surface cross drainage and making slash roads by using a cover of slash and logging debris and residual (Labelle and Jaeger 2012) on skid trails can be highly recommended to direct overland flow from the skid trails into the forest, and also to moderate soil compaction. Furthermore, using skid trails in dry conditions may help to moderate compaction of soil on the trails.
The result of this research can also be helpful to forest managers to estimate the capability of soil, for absorption of precipitation reaching it. Having this estimates along with the maximum precipitation based on a long-term return period will, in turn, facilitate predicting of runoff and overland flow.
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